Introduction
Due to the severe shortage of donor hearts for transplants, artificial hearts have become a leading therapy for heart failure. These complex mechatronic devices have benefited significantly from the methods of systems and control engineering and continue to pose intriguing challenges. The term "artificial heart" refers to a family of devices that include the total artificial hearts ͑TAHs͒, which physically replace a patients ailing heart, and left ventricular assist devices ͑LVADs͒, which are add-on devices that augment the ability of the left ventricle to circulate blood through the body. LVADs are much more frequently used than TAHs and are the focus of this work.
Advances in feedback control theory as well as in magnetic materials and systematic optimization of the plant made the new generation of magnetically levitated LVADs possible. These pumps have the dual advantages of increased reliability and reduced mechanical damage to the blood. The first magnetically levitated pump was implanted in an animal trial at the University of Pittsburgh ͑see Refs. ͓1,2͔͒ and a number of devices are now in commercial development. However, the small size, nonlinearities, instability, and quasiperiodic disturbances acting from the natural heart pose a number of interesting problems for the control community. For example, the pulsation of the native heart creates a quasiperiodic load ͑axial disturbance͒ on the LVAD levitation system that increases power consumption of the levitation actuator dramatically. The objective is therefore to design a controller that stabilizes the levitated rotor and rejects disturbances from the control signal to minimize power consumption.
To gain an engineering perspective, consider World Heart, Inc.'s HeartQuest ™ LVAD system in Figs. 1 and 2. The system consists of a rotary centrifugal pump implanted in the abdomen of the patient together with cannulae that conducts blood to and from the LVAD. The inflow cannula is surgically connected to the apex of the left ventricle and the outflow cannula is connected to the ascending aorta. As the LVAD draws blood from the left ventricle, the natural quasiperiodic contraction of the heart modulates the inflow pressure. This pressure variation constitutes a disturbance to the control system that magnetically levitates the pump rotor in the pump.
The HeartQuest™ LVAD incorporates permanent magnet ͑PM͒ bearings that provide four degrees of freedom of levitation ͑two radial directions, pitch, and yaw͒, a voice-coil thrust actuator that provides axial support, and a motor that controls the roll motion of the pump rotor. Physical modeling of magnetic bearings is covered in Ref. ͓3͔ and resulting dynamics are similar to those in Ref.
͓4͔. In addition to the radial support, the radial PM bearings create a relatively large unstable stiffness in the axial direction. Consequently, the axial control system is required and is comprised of an eddy-current sensor and thrust actuator ͑voice-coil type͒. On the other hand, the PM bearings can produce large axial forces to cancel axial disturbance forces without the application of large control actions. There is a unique opportunity to exploit the instability of the plant.
In this paper, the effects due to the presence of disturbances from the natural heart are taken into account. In Ref. ͓4͔, a simple step disturbance acting on the maglev system is successfully considered and the aim of our design studies is to enlarge the family of possible disturbances to include sinusoidal signals, modeling pressure pulsations from the native heart. A further step will be the study of real quasiperiodic disturbances and a generalization of the established theory to deal with those signals.
The approach considered in this paper extends the main goal pursued in Ref. ͓4͔: the study and the application of a virtual zero power ͑VZP͒ controller. The VZP controller stabilizes the system while rejecting dc disturbances using zero control input in the steady state. The control of LVADs is characterized by a power minimization requirement as they are battery powered. Efforts to minimize power consumption in magnetic bearing systems have appeared previously in the literature. The use of instability to minimize power was first proposed in Ref. ͓5͔ where permanent magnets are used to carry static loads. In electromagnet systems, power minimization is accomplished my minimizing bias currents at the expense of dynamic force slew rate ͑see, for example, Ref.
͓6͔͒. In this paper, we address the new problem of minimizing power losses due to dynamics loads through the use of permanent magnets.
In Sec. 2 a nonlinear model of a maglev rotor axial dynamics is presented, the control problem is stated, and some details are discussed. As the predominant nonlinearity in the model is the bear-ing force nonlinearity, which is within 0.1% of linear over the nominal range of axial displacement, a linearized model is presented and exploited as a good approximation to the actual nonlinear model. The uncontrolled system is characterized by an unstable equilibrium due to the magnetic stiffness along the axial direction. The first control objective is hence to stabilize the system in the absence of disturbances. Though the control problem could appear trivial, the further requirement of power minimization in the presence of disturbances complicates the control design: the main idea is the exploitation of the system instability of the system to reject disturbances from the control signal: the unstable magnetic force of the system is used instead of the control force to balance disturbances.
The main contribution of the paper is to advance the VZP concept to include sinusoidal as well as dc disturbances. In Sec. 3, a theoretical base for the controller proposed in Ref. ͓4͔ is established: an internal model based approach to deal with the stabilization problem in the presence of disturbances is presented. It is shown that the VZP controller for a single step disturbance proposed in Ref. ͓4͔ is a particular case of the classical full information internal model design procedure. Moreover, it will be shown how it is possible to avoid a pure derivative action in the VZP controller using a simple output feedback controller. Finally, the same design procedure extends the VZP concept to include sinusoidal disturbances.
The internal model based solution relies on the knowledge of the frequencies of the sinusoidal disturbances affecting the system. This hypothesis is not far from the reality of the maglev apparatus as the shape and frequency of the quasiperiodic disturbance can be known with the addition of sensors. Further, in Sec. 4, a solution based on the use of adaptive observers that would not require the addition of sensors is provided.
Both solutions have been tested, through simulation studies, considering both the real nonlinear and linearized systems.
Modeling and Problem Definition
Following Ref. ͓4͔, we introduce the nonlinear model of the maglev apparatus. Let be x the axial displacement and m the mass of the levitated pump rotor, the force balance equation leads to the axial dynamics: 
͑1͒
where F spring is a sinusoidal spring force valid for moderate axial displacements due to the periodic array of permanent magnets, F control is the axial actuator force applied to the shaft and F disturbance is a disturbance actuator force modeled as a function of a "virtual" voltage disturbance d ͑the reason for the negative sign in the disturbance force is the opposite orientation of the control actuator and the pressure pulsations from the native heart͒; G ␣ is the dc amplifier current gain, is the spatial wavelength of the magnet array in the bearing while K f ͑x͒ = −0.1735x 2 + 0.0777x + 9.79 is an empirically determined function capturing the decrease in the voice-coil actuator gain as the magnet moves off center; u is our voltage control input. The sinusoidal term in F spring is the first term in a Fourier series for the axial force and serves as a very good approximation ͑see Eq. ͑15͒ in Ref. ͓3͔͒. As introduced in Sec. 1, the control objectives are to stabilize asymptotically the levitated rotor in the absence of external disturbances ͑namely, regulate the displacement x to the origin when disturbance d is equal to zero͒ and to achieve a power minimization behavior when the disturbances are acting. More formally our objectives are as follows: O1: when d =0, x → 0 and u → 0 asymptotically; O2: when d 0, u → 0. ͑The steady-state axial displacement x ss ͑t͒ will depend on the acting disturbance d͑t͒.͒ Remark. The last objective could be refined to include the physical motion limits on the levitated pump rotor. This is an open control problem. The steady-state displacement depends on the disturbance and one expects a small control action with a small disturbance and then large control action to prevent violations of the state constraint in the presence of a large disturbance. ᭠ Objective O2 requires zero steady-state power consumption while disturbances are acting on the system. From Eq. ͑1͒, it follows that the steady-state axial displacement and velocity will depend on the actual disturbance. This peculiarity makes it impossible to control the system with a conventional position controller; rather, it suggests that the controller should have transfer function zeros located where the disturbance has significant spectral content. A simple control action is to cancel the unstable force attain attain a stable behavior: more precisely, a conventional feedback linearizing control design ͑u = ͑K f ͑x͒G a ͒ −1 ͑−k n sin͑x / ͒ − x − ẋ͒͒ linearizes and stabilizes the system ͑1͒, but fails to obtain a minimization in the power consumption when a disturbance is acting on the system. To overcome this issue, the control strategy must not cancel the unstable term as usual. Instead, it must exploit this instable force to reject disturbances from the control action in steady state. The simple VZP controller designed in Ref. ͓4͔ to satisfy O2 is therefore characterized by a zero at zero to cancel control energy associated with a dc disturbance. To enlighten the VZP concepts and to generalize them, the designed control action will be of the state-feedback form:
where ␥͑0͒ =0, uЈ is an additional control variable to take into account the disturbance; ͑·͒ should be designed such that
is a controller satisfying O1: Eq. ͑3͒ should asymptotically stabilize Eq. ͑1͒ to the origin in the absence of disturbances. Control action ͑2͒ shows no direct stabilizing term and maps the problem into a stabilization and regulation problem despite the presence of the exogenous disturbance. The main idea is to consider the controller state as a new "virtual" output to be regulated to the origin ͑assuring a zero control asymptotically͒, while the complete system ͑1͒ and ͑2͒ should be stabilized around its disturbancedependent steady-state behavior.
The dominant nonlinearity in system ͑1͒ is the bearing force. However, considering realistic cases, the maximum axial displacement of the rotor is small relative to ͑in Ref. ͓4͔ x max = ± 0.4 mm and =5 mm͒: therefore, the nonlinearity in realistic cases is within 0.1% and a linear model is justified ͑experimental results in Ref. ͓4͔ confirm this hypothesis showing a good correspondence between the real system, the nonlinear model ͑1͒, and the following linearized model͒.
The linearization of system ͑1͒ around the origin is
where k = k n / and x 2 is the velocity of the rotor mass.
It is now possible to rewrite the controller ͑2͒ as a linear system
Note that parameters A 1 , A 2 , A 3 , and ␥ could be easily designed such that controller
asymptotically stabilize the origin of Eq. ͑4͒ when d = 0. The additional control action uЈ will be designed to satisfy objective O2: when disturbances are acting, system ͑4͒ should be stabilized around its disturbance-dependent steady-state behavior assuring that and hence u are asymptotically equal to zero. In next section, this is accomplished by means of an internal model based approach.
Internal Model Based Regulator for the Linearized System
In this section, the classical regulation theory ͑see Refs. ͓7,8͔ for linear and nonlinear systems, respectively͒ is exploited to study the control problem stated above and design the additional control action uЈ: the regulator equations are introduced and solved and the internal model principle is presented. Moreover, it will be shown in Sec. 3.2 that the VZP PD controller developed in Ref. ͓4͔ is a special case of the classical full information internal model based solution. In Ref. ͓4͔, a step disturbance is taken into account and the full information solution presented here deals with sinusoidal disturbances, too. In Sec. 3.3, an output feedback internal model based solution is presented in order to avoid a full information feedback. The pure derivative action in Ref. ͓4͔ reflects full information and provides to the controller information about the disturbance.
To advance the VZP concept to include sinusoidal as well as dc disturbances, consider disturbance signals generated by an exogenous, neutrally stable, linear system ͑exosystem͒ so that any linear combinations of constant and sinusoidal disturbances can be modeled. Thus, phases and amplitudes are unknown and the frequencies are assumed known ͑in Sec. 4 the assumption of known frequency is removed͒. Consider therefore the disturbance d generated by the neutrally stable exosystem,
where matrix S has all its eigenvalues on the imaginary axes. As stated, we assume that matrices Q and S are perfectly known so that disturbance d is a superposition of constant and sinusoidal signals with unknown amplitude and phases, but whose frequencies ͑eigenvalues of matrix S͒ are all perfectly known.
We
Further, let L f h denote the Lie derivative of function h along vector field f. These maps satisfy ͑together with the "friend" c͑w͒͒ the regulator equations:
It is possible to define new error variables to study the asymptotic behavior of the system with respect to its steady state
The error dynamics become
The control action uЈ is designed to asymptotically stabilize the origin of Eq. ͑8͒ taking care of the presence of the exogenous term c͑w͒.
Exploiting the linearity of the regulator equations ͑7͒ and recalling that both Objectives O1 and O2 require a zero steady-state control action ͑i.e., =0͒, it is always possible to solve Eq. ͑7͒ and explicitly compute 1 ͑w͒, 2 ͑w͒, and c͑w͒.
In the next section, a simple case is considered: the external disturbance d is assumed to be perfectly known ͑e.g., the internal state w of the exosystem is available for feedback͒ and the problem of stabilizing the error system ͑8͒ is solved. Unfortunately, in most cases, the external disturbance is unknown and hence w, 1 ͑w͒, 2 ͑w͒, and c͑w͒ are not available for feedback. Thus, the only information available for stabilizing Eq. ͑8͒ is the controller state = − = . This information constraint is taken into account in the solution of Sec. 3.3.
3.1 Full Information Case. First, consider the simpler full information case: the disturbance d and hence the exosystem state w are available for feedback. The regulator equations can be solved and the additional control uЈ can be designed as
The error system ͑8͒ becomes
This error system is asymptotically stabilized to the origin as parameters A 1 , A 2 , A 3 , and ␥ have been suitably designed. The steady-state behavior of system ͑4͒ is hence defined by solutions of the regulator equation ͑7͒. In particular, when d =0, the only solution is 1 = 2 = 0 and hence the system asymptotically converges to the origin while, when d 0, the system converges asymptotically to the manifold ͑ 1 ͑w͒ , 2 ͑w͒ ,0͒ dependent on the actual disturbances but accompanied by zero control action. Objectives O1 and O2 are therefore satisfied.
Virtual Zero Power Control for Linearized System and Full Information Case.
In order to make the connection between the VZP control introduced in Ref. ͓4͔ and the full information case described above, we solve the linearized control problem with a simple step disturbance while imposing O2 for the linearized system ͑4͒.
Solving the regulator equations ͑7͒ with = 0 and d constant, we obtain
Recalling that the additional controller satisfying the full information case is uЈ = c͑w͒, it is possible to define
Now consider the transfer function representing the control scheme introduced in Ref. ͓4͔ ͑VZP PD controller͒:
Calling the internal state of this controller, it is possible to write the state space dynamics of the VZP PD controller ͑10͒ as
We see that
The "feedforward" term due to the presence of both the derivative action and the internal model unit in the VZP design is simply the friend c͑w͒ = A 1 ͑G a K f / k͒d, i.e., the pure derivative action is used to feedback information about the disturbance acting on the system. Hence the VZP PD design presented in Ref.
͓4͔ for a simple step disturbance case, is completely equivalent to the full information design procedure. Moreover, we remark that the general discussion in this section is not limited to simple dc disturbances but also incorporates sinusoidal signals.
Output Feedback Internal Model.
It is clear that the exogenous state w and hence the disturbance d are not usually available for feedback ͑e.g., a pure derivative action is not possible͒. The full information case represents therefore a limited solution to the problem. To consider a more interesting case, the additional control uЈ should be designed to asymptotically stabilize the error system ͑8͒ in the presence of the "virtual disturbance" c͑w͒ exploiting for the feedback only available signals. Error variables x 1 , x 2 , and are not generally available for feedback as they depend on the unknown exogenous state w through 1 ͑w͒, 2 ͑w͒, and ͑w͒. In our case, fortunately, the requirement of no control action in steady state implies ͑w͒ to be equal to zero. The error variable = − ͑w͒ = is the controller state and hence always available: it represents the accessible output of our system to be stabilized.
The friend c͑w͒ represents a virtual disturbance to be rejected and can be calculated by simply solving the regulator equations ͑7͒. Recalling the controller ͑5͒, and the desired steady-state control action equal to zero ͑ ͑w͒ =0͒, Eq. ͑7͒ becomes
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It is now possible to solve these equations, easily finding that the friend c͑w͒ is a linear function: c͑w͒ = ⌫w. Now the problem can be stated as a classical output regulation problem and the additional control action uЈ can be designed using the internal model principle ͑see Refs. ͓7,8͔ and references therein for linear and nonlinear systems, respectively͒. Defining again error coordinates as
it is possible to write the error dynamics as
Our aim is now to design the additional controller uЈ͑͒ in order to asymptotically stabilize this error system while avoiding the effects of the new exogenous disturbance ⌫w.
Following the so called "canonical" internal model approach ͑see Ref. ͓9͔͒, the solution to the regulation problem is made by introducing a controller incorporating the internal model of the exosystem. Define M the matrix solution of the Sylvester equation
where F and G are arbitrary matrices chosen such that F is Hurwitz and the pair ͑F , G͒ is controllable. The internal model controller becomes
where ⌿ = ⌫M −1 and N͑͒ and u st are stabilizing terms to be suitably designed.
Define a new change of coordinates = − Mw − G and write the time derivative
It is now possible to write the dynamics as
Design the stabilizing terms u st and N͑͒ according to
where, again, ũ st is a stabilizing term. Finally, it is possible to write the error dynamics ͑13͒ as
It is easy to check that this linear system with output and input ũ st is controllable and observable and hence output stabilizable. For example, a simple identity observer could be designed and the whole error system stabilized. The initial problem is hence solved as ͑x 1 , x 2 , ͒ asymptotically tends to ͑ 1 ͑w͒ , 2 ͑w͒ ,0͒, where 1 ͑w͒ and 2 ͑w͒ are solutions of Eq. ͑12͒. Note that, as initially required, d = Qw = 0 implies that solutions of Eq. ͑12͒ become 1 ͑w͒ = 2 ͑w͒ = ͑w͒ = 0 and the original system state asymptotically tends to the origin. In Fig. 3 , the controller is connected to the linear model: it is possible to see that the control action is zero in steady-state conditions while the position of the system depends on the exogenous disturbance. When the disturbance is not acting on the system, the position is regulated to zero.
In Fig. 4 , the same simulation has been carried out considering a measurement noise superimposed onto the feedback signals ͑po-sition and velocity͒: the noise has been modeled with uniform random number generators ranging between ±10 −5 m and ±10 −6 m / s, respectively. In Figs. 5 and 6, the same controller has been used with the full nonlinear model ͑1͒ showing a good robustness property.
Adaptive Regulator for the Linearized System
When the characteristic frequencies of the exogenous disturbance are unknown, the internal model ͑15͒ cannot be implemented as the row vector ⌿ is unknown and the Sylvester equation ͑14͒ cannot be formulated. Following the procedure ͓11͔ for a known number of sinusoids, and in Ref.
͓12͔ for an unknown number of sinusoids, it is possible to solve the regulation problem introducing an adaptive law to asymptotically estimate the characteristic frequencies of the sinusoidal disturbances. In particular, the procedure illustrated in Ref.
͓12͔ makes it possible to solve the problem assuming that an upper bound on the number of sinusoidal disturbances is known; amplitude, phase, and frequencies need not to be available for the controller design. Considering the error system ͑13͒, it is possible to state that all the assumptions H1-H4 imposed in Ref. ͓12͔ are satisfied. Following the adaptive observer based design procedure, an asymptotic estimate ŵ of the exogenous state w is available and the control action to overcome the exogenous disturbance −⌫w is simply uЈ = ⌫ŵ .
To demonstrate the effectiveness of this procedure, an adaptive controller has been designed to solve the problem when the system is affected by a constant and by a single unknown sinusoidal disturbance. The exosystem generating the disturbance is
Writing system ͑13͒ and ͑17͒ in observer canonical form, we obtain
The unknown parameter to be estimated is = ⍀ 2 . The control law designed following Ref.
where is estimated by an adaptive observer of the form
in which the nonsingular matrix T 2 ͑͒ is defined by 
Simulations have been carried out to study the adaptive design proposed above. A step disturbance ͑act-ing from time t = 5 s to time t =20 s͒ and a sinusoidal disturbance with ͑unknown͒ frequency 1 / Hz ͑acting from time t =10 s to time t =20 s͒ are considered.
Parameters A 1 = 1000, A 2 = 200, A 3 = −10,000 and ␥ = −3 have been chosen in order to make controller ͑6͒ asymptotically stabilize the origin of Eq. ͑4͒ in the absence of disturbances with dynamics faster than the adaptive observer. The adaptive observer has been designed following Ref. ͓11͔. In particular, parameters ␣ = 800, g = 10,000, and vector d have been chosen such that matrix D has its eigenvalues equal to ͑−1, −2, −3, −4, −5͒; the initial value of adaptation low for the unknown frequency has been set to 70% of the real value.
In Fig. 7 , the adaptive controller is connected to the linearized model ͑4͒. It is possible to see that the control action is alwayszero in steady-state conditions while the position of the system depends on the exogenous disturbance. When the disturbance is not acting on the system, the position is regulated to zero. The lower plot in Fig. 7 represents the estimated frequency of the sinusoidal disturbance acting from t =10 to t = 20. The figure de-
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Transactions of the ASME picts the proper functioning of the adaptation law starting from the initial value ͑70% of the real value͒ and tending to the real value as the output error ͑the control input͒ is different than zero. In Fig. 8 the same simulation has been carried out considering a measurement noise superimposed onto the feedback signals ͑po-sition and velocity͒: the noise has been modeled with uniform random number generators ranging between ±10 −5 m and ±10 −6 m/s, respectively. Remark. Robustness of this adaptive design is unfortunately still an open problem. Due to the linear analysis used in this approach and the perfect knowledge of the matrices assumed to design the observers, the robustness of this adaptive design may be unsatisfactory. Preliminary simulations made with the full nonlinear system showed instability. The inclusion of a simple dead zone for the adaptation law provided excellent simulation performance and theoretical analysis of this modification is a possible opportunity for further research. ᭠
Conclusions
A magnetically levitated LVADs was studied and the effects due to the presence of disturbances from the natural heart were addressed. The main goal was to define a control action able to deal with dc as well as periodic disturbances using zero control input in steady state. In particular, the control solution proposed exploits the instability of the system for power minimization.
The paper presented a couple of different approaches able to solve the problem: an internal model based approach and a solution based on the use of adaptive observers. The first relies on the knowledge of the frequencies of the sinusoidal disturbances affecting the system as this hypothesis is not far from the reality of the maglev apparatus. The design methodology based on the use of adaptive observers does not require the perfect knowledge of the frequencies of the sinusoidal disturbances as an adaptive mechanism is presented to estimate them. Both solutions provided have been tested, through simulation studies, considering both the real nonlinear system and a simpler, linearized, system.
